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a b s t r a c t
This work employs numerical and experimental approaches to investigate three-dimensional container
ﬁlling with Newtonian viscous ﬂuids. For this purpose, a computer code developed for simulating
three-dimensional free surface ﬂows has been used. The CFD Freeﬂow3D code was speciﬁcally designed
to deal with unsteady three-dimensional ﬂows possessing multiple moving free surfaces. An experimen-
tal apparatus that allows the visualization of the various phenomena that can occur during the ﬁlling of
containers has been constructed and employed. Experiments on container ﬁlling were carried out by
varying the ﬂuid velocity at the injection nozzle. This paper presents a computational study on container
ﬁlling with Newtonian viscous ﬂuids and employs the experimental results to validate the software. The
experimental observations were compared with the predictions from the Freeﬂow3D code and good
agreement between the two sets of results is observed. Moreover, the code predictions showed that it
is capable of capturing the most relevant phenomena observed in the experiments.
 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Industries like food, cosmetic, chemical, among others, usually
employ automatic ﬁlling of containers in their production lines.
In these processes, it is important to ﬁll the containers as fast as
possible to achieve high production rates and, at the same time, as-
sure that the product characteristics are not affected negatively.
The ﬁlling process is usually carried out by a moving nozzle that
injects the product, in a ﬂuid form, into a container. During the ﬁll-
ing stage, several problems can arise like jet buckling, splashing,
doming, air entrapment, among others [11]. Therefore, an under-
standing of the ﬁlling process can be helpful to avoid these unde-
sirable ﬂow regimes. Indeed, many researchers (e.g.
[2,4,6,7,11,13]) have been working on the development of tools
that are capable of simulating the ﬁlling of containers with viscous
ﬂuids. In particular, a study on the ﬁlling of two-dimensional con-
tainers was presented by Tomé et al. [13]. In their work, they con-
sidered the ﬁlling of rectangular and trapezoidal 2D containers
with a Newtonian viscous ﬂuid. This study presented numerical
predictions obtained by the GENSMAC code [15], which were com-
pared with experimental observations obtained by varying the size
of the nozzle and the issuing ﬂuid velocity at the nozzle. Good
agreement between the numerical predictions and the experimen-
tal results was reported.
In this work, we consider the application of the Freeﬂow3D
code [2] in the simulation of a three-dimensional cubic container
ﬁlling with Newtonian viscous ﬂuids. To verify the correctness of
the code predictions, an experimental system developed to visual-
ize the instantaneous ﬁlling of containers, under controlled ﬂow
conditions, was designed and built. This device was employed to
study the ﬁlling of a cubic container with a corn syrup based ﬂuid,
under different ﬁlling regimes, ranging from the occurrence of evi-
dent jet buckling to situations where splashing takes place. The
Freeﬂow3D code was then used to simulate the ﬁlling process
using the same conditions employed on the experimental runs.
The ﬁlling regimes obtained and the comparison of the experimen-
tal results with the numerical predictions obtained by the Free-
ﬂow3D code are discussed.
The main contributions of this work are the experimental
assessment of the Freeﬂow3D code and to provide numerical as
well as experimental results on three-dimensional container ﬁll-
ing. These results might be useful to researchers working on this
topic, as they can use both the experimental and numerical results
to benchmark the correctness of their codes.
This paper is organized as follows: in the next section a descrip-
tion of Freeﬂow3D code is presented, while Section 3 deals with
the illustration of the capabilities of the Freeﬂow3D in simulating
time-dependent three-dimensional ﬂows, that can be found during
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the ﬁlling of a cubic container. Section 4 describes the system em-
ployed in the experiments performed on the ﬁlling of a cubic con-
tainer. The experimental and the numerical results are presented,
compared and analyzed in Section 5. Finally, the conclusions are
summarized in Section 6.
2. Brief description of the Freeﬂow3D code
The basic equations governing incompressible unsteady moving
free surface ﬂows of Newtonian ﬂuids are the mass conservation
and the Navier–Stokes equations that can be written in non-
dimensional form as
r  v ¼ 0; ð1Þ
@v
@t
¼ ðv  rÞv rpþ 1
Re
r2v þ 1
Fr2
g; ð2Þ
where t is the time, v is the ﬂuid velocity, p is the pressure, g is the
unit gravitational ﬁeld vector, Re ¼ ðqV DÞ=l is the Reynolds num-
ber and Fr ¼ V= ﬃﬃﬃﬃﬃﬃﬃDgp is the Froude number. V and D are appropriate
scalings for velocity and length, q is the density, l is the viscosity
and g ¼ 9:81 ms2 is the gravitational constant.
Eqs. (1) and (2) are solved subjected to the no-slip boundary
condition (v ¼ 0) on rigid walls and a prescribed velocity on in-
ﬂows (V inf ). If surface tension is not important, the boundary con-
ditions on the moving free-surfaces can be written as (see
Batchelor [1])
n  r  n ¼ 0 and m  r  n ¼ 0; ð3Þ
Fig. 1. Schematic view of the ﬂow domain employed to simulate the container
ﬁlling problem. The yellow surface identiﬁes the location of the nozzle from where
ﬂuid is injected into the container. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. Numerical simulation of the ﬁlling of a cubic container with V ¼ 0:25m s1. Fluid ﬂow visualizations at selected times. Jet buckling is displayed.
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where r ¼ pIþ 1Re ½ðrvÞ þ ðrvÞT is the stress tensor and n;m are
unit vectors normal and tangential to the free surface, respectively.
Freeﬂow3D [2] is a code developed to simulate unsteady
three-dimensional free surface ﬂows. It embodies the GENS-
MAC3D method [14] and solves the Eqs. (1)–(3) using the ﬁnite
difference method on a 3D-staggered grid. In GENSMAC3D,
curved boundaries and free surfaces are approximated in such
a way that the discrete Poisson equation, resulting from the
velocity update and pressure correction, requires the solution
of a symmetric positive deﬁnite linear system at each time step.
This linear system, which can be large, is solved by the conju-
gate gradient method, in a robust and efﬁcient manner. Details
Fig. 3. Numerical simulation of the ﬁlling of a cubic container with V ¼ 0:5m s1. Fluid ﬂow visualizations at selected times. Jet buckling is displayed.
Fig. 4. Numerical simulation of the ﬁlling of a cubic container with V ¼ 1m s1. Fluid ﬂow visualizations at selected times. Steady ﬁlling is displayed.
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of the methodology and of the equations involved can be
found in Tomé et al. [14]. In addition, the Freeﬂow3D code
contains an interface with solid modeling technology so that a
video sequence of the numerical simulations can be
recorded. The Freeﬂow3D code comprises three distinct modular
parts:
 Modﬂow3D - An interactive system for the speciﬁcation of ﬂuid
ﬂow models, which includes the deﬁnition of elements in the
ﬂuid domain such as containers, nozzles and ﬂuid properties.
 Simﬂow3D - This module is the central part of Freeﬂow3D as it
implements the solution of the discrete governing equations
and the boundary conditions. It uses de GENSMAC3D [14]
Fig. 5. Numerical simulation of the ﬁlling of a cubic container with V ¼ 2m s1. Fluid ﬂow visualizations at selected times. Steady ﬁlling is displayed.
Fig. 6. Numerical simulation of the ﬁlling of a cubic container with V ¼ 4ms1. Fluid ﬂow visualizations at selected times. Submerging regime is displayed (see [11]).
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method, which is a substantial enhancement of the two-dimen-
sional GENSMAC method [15], employing marker particles only
on the ﬂuid surface.
 Visﬂow3D - An interactive system for the visualization of the
output generated by the Simﬂow3D module.
A detailed description of these modules is provided in Castelo
et al. [2]. The code Freeﬂow3D has been developed since the nine-
ties and nowadays comprises several capabilities. For instance, it
can cope with ﬂows having high ( 1) [5] and low (< 1) [9] Rey-
nolds numbers, ﬂows with more than one phase [12], among oth-
ers. Freeﬂow3D has been extensively documented [2,9,14] while a
review of the Marker-and-Cell method, where the capabilities of
the code are discussed, has been presented by McKee et al. [8].
For this reason, details of the methodology and of the algorithm
employed will not be given here.
3. Application to 3D-container ﬁlling
To demonstrate that the Freeﬂow3D code can cope with com-
plex three-dimensional free surface ﬂows it was applied to simu-
late the continuous ﬁlling of a cubic container of dimensions
ð4 4 4Þ cm with a viscous Newtonian ﬂuid. A circular nozzle
of diameter D ¼ 0:6 cm positioned at a height H ¼ 9 cm above
the bottom of the container was employed (see Fig. 1). In the
numerical experiments, the velocity (V) at the nozzle was varied
while the container dimensions, nozzle diameter and ﬂuid proper-
ties were kept ﬁxed. Gravity acted vertically in the negative z-
direction with g ¼ 9:81 ms2. The following input data were em-
ployed: l ¼ 6 Pa s, q ¼ 1000 kg m3,
Vðm s1Þ ¼ 0:25;1;2;3;4;5;10;15. Therefore, in these simulations
we had Re and Fr within the range 0.25–15 and 1.03–61.82, respec-
tively, which shows that for high values of the velocity, the effect of
gravity is not important. A mesh size of ð40 40 90Þ cells
(dx ¼ dy ¼ dz ¼ 1 mm) was employed in all simulations. This mesh
resolution was selected based on the results obtained in previous
works [14] where mesh sensitivity studies were performed for
similar problems.
Simulations of container ﬁlling were performed for each value
of the velocity speciﬁed above. At time t ¼ 0 s, the ﬂuid was in-
jected down into the empty container at the prescribed velocity
imposed at the nozzle during a speciﬁed time. An experimental
analysis to predict jet buckling, provided by Cruickshank and Mun-
son [3], establishes that an axisymmetric jet should undergo buck-
ling if the following conditions are satisﬁed:
Re < 1:2 and H=D > 7:2; ð4Þ
where H is the height of the nozzle above the bottom of the con-
tainer (see Fig. 1). In these simulations, the ‘‘slenderness ratio’’,
H=D, was 15 and therefore, it is expected that, when Re < 1:2 the
jet is expected to become unstable, promoting the occurrence of
jet buckling. Indeed, Fig. 2 displays the ﬂuid ﬂow conﬁguration ob-
tained in the simulation with V ¼ 0:25 ms1 (Re ¼ 0:25; Fr ¼ 1:03).
The jet thinned due to the gravity force and soon after it impinged
on the bottom of the container it became unstable (see Fig. 2a) and
started buckling. At later times, after t ¼ 0:62 s, the jet presents the
effect known as ’viscous coiling’ [10] (see Figs. 2d-f). The simulation
with V ¼ 0:5 m s1 (Re ¼ 0:5; Fr ¼ 2:06) also presented the buckling
instability with the effect of ’jet folding’ (see Fig. 3). These types of
ﬂow regimes have also been observed experimentally (see for in-
stance Cruickshank and Munson [3] and Ribe [10]). By contrast,
although the simulation with V ¼ 1 m s1 (Re ¼ 1; Fr ¼ 4:88)
Fig. 7. Numerical simulation of the ﬁlling of a cubic container with V ¼ 5m s1 (Re ¼ 5; Fr ¼ 20:61). Fluid ﬂow visualizations at selected times. Figures (d)–(f): views of
longitudinal cuts at half-width of the container at times shown in (a)–(c). Air entrapment is displayed.
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obeyed the conditions given by Eq. (4), we can see in Fig. 4 that the
results did not display the buckling instability. Moreover, after time
t ¼ 0:62 s the jet developed some oscillatory motions that resulted
in jet asymmetry; however, it remained stable and the ﬁlling of the
container was uniform. The results from the simulation with veloc-
ity V ¼ 2 m s1 (Re ¼ 2; Fr ¼ 8:24) are displayed in Fig. 5. In this
simulation the Reynolds number was higher than 1.2 so that one
of the conditions in Eq. (4) is not satisﬁed and, therefore, buckling
is not expected to occur. Indeed, as shown in Fig. 5, the jet impinges
on the bottom of the container and ﬂows radially towards the con-
tainer walls without any sign of instability and the container is
smoothly ﬁlled. The results obtained with V ¼ 3 m s1
(Re ¼ 3; Fr ¼ 12:37) were similar to those displayed in Fig. 5 and
therefore, are not shown. By increasing the ﬂuid velocity at the noz-
zle, the results from the simulation with V ¼ 4 ms1
(Re ¼ 4; Fr ¼ 16:49) displayed in Fig. 6, show that, although the
jet submerges into the ﬂuid pool, air entrapment does not occur.
For higher velocities, V ¼ 5 and 10 m s1 (ðRe ¼ 5; Fr ¼ 20:61Þ and
ðRe ¼ 10; Fr ¼ 41:22Þ), the results shown in Figs. 7 and 8 indicate
the occurrence of air entrapment and, consequently, internal air
bubbles are created in the ﬂuid pool. The results obtained with
the velocity V ¼ 15 m s1 (Re ¼ 15; Fr ¼ 61:82) (not shown) were
very similar to the results from the simulation with V ¼ 10 m s1
(Re ¼ 10; Fr ¼ 41:22).
The numerical results obtained in this section displayed several
ﬂow regimes, that can take place during the ﬁlling of containers,
known as Jet buckling (Figs. 2 and 3), Steady ﬁlling (Figs. 4 and 5),
Submerging (Fig. 6) and Entrainment (Figs. 7 and 8). Similar ﬂow re-
gimes are presented by Roberts and Rao [11].
4. Experimental assessment
The experimental system designed and built to visualize the ﬁll-
ing of containers, under controlled and reproducible conditions,
was based on the system proposed by Tomé et al. [13]. The visual-
ization device employed in the experiments is illustrated in Fig. 9a.
It consists of the following parts:
(1) a reservoir to store the ﬂuid;
(2) a nozzle with a constant cross section through which the
ﬂuid is injected into the container;
(3) a piston that can be displaced at a controlled velocity to
force the ﬂuid to ﬂow through the nozzle at a controlled ﬂow
rate (or velocity);
(4) a transparent container that allows the visualization of the
instantaneous ﬁlling process (see Fig. 9b).
(5) two moving gates that enable to close the bottom of the con-
tainer. These gates allow starting the experiments employing
two different modes: gate opened or gate closed. In the exper-
iments, these gates were operated in the opened mode and
then, when the jet achieved the desired fully developed ﬂow,
they were closed. Alternatively, if the objective of the experi-
ment is to record the jet formation from the beginning of the
ﬂow, the gates were positioned in the closed mode.
Apart from the components described above, the overall exper-
imental setup included a Universal Testing Machine INSTRON
4505, used to control the piston velocity, and thus the ﬂuid ﬂow
Fig. 8. Numerical simulation of the ﬁlling of a cubic container with V ¼ 10m s1 (Re ¼ 10; Fr ¼ 41:22). Fluid ﬂow visualizations at selected times. Figures (d)–(f): views of
longitudinal cuts at half-width of the container at times shown in (a)–(c). Air entrapment is displayed.
M.F. Tomé et al. / Computers & Fluids 90 (2014) 172–185 177
rate, plus a high-speed video camera to record the experimental
runs. A photo of the apparatus coupled to the Universal Testing
Machine is displayed in Fig. 9b.
In the experimental study performed, a corn syrup based ﬂuid
was used. Corn syrup is a common laboratory ﬂuid adequate for
this type of work. It behaves approximately as a Newtonian ﬂuid,
it can be easily obtained in the market and it is not expensive when
compared to other ﬂuids. The results presented in this work were
obtained with a dilute solution of corn syrup (97%) in water (3%),
which allowed achieving a suitable viscosity level. Viscosity mea-
surements were performed using a ROSAND RH7–2 capillary rhe-
ometer equipped with a special device to characterize low
viscosity ﬂuids. The density of the ﬂuid was also measured. The re-
sults obtained in the characterization of the ﬂuid were: viscosity l
= 1.99 Pa s and density q = 1380 kg m3. The geometry employed
in the experiments was the following: circular nozzle with diame-
ter D ¼ 0:6 cm; cubic recipient of dimensions 6 6 6 cm; exit of
the nozzle located at a distance H ¼ 16 cm above the bottom of the
container. Fig. 10 depicts schematically the geometry employed in
the experiments. During the experiments several different ﬁlling
conditions were tested, however, the comparisons with the numer-
ical predictions are only presented for the runs listed in Table 1.
As shown in Table 1, a total of six experimental runs and corre-
sponding numerical simulations have been carried out. A mesh size
Fig. 9. Experimental apparatus: (a) Schematic view of the experimental visualization device; (b) Photo of the experimental setup.
178 M.F. Tomé et al. / Computers & Fluids 90 (2014) 172–185
of ð106 106 153Þ cells (dx ¼ dy ¼ dz ¼ 1 mm) was employed in
each simulation. The time-step (dt) employed in the simulations
obeyed the following restrictions (see [15]):
ðiÞ dt < Re
6
dh2; ðiiÞ dt < Vmax
dh
: ð5Þ
where dh is the mesh spacing and Vmax is the maximum value of the
velocity ﬁeld at time t. The simulations corresponding to the veloc-
ities V ¼ 0:1161 m s1 and 0:2323 m s1, respectively runs R1 and
R2, were forced to use a very small dt and for this reason, it was
not possible to reach a long time. The simulation with R1 stopped
before the jet reached the side walls of the container while the sim-
ulation R2 was carried out until the jet reached the container walls.
For higher velocities, the simulations were carried out until the con-
tainer was half full.
5. Results and discussion
Some ﬂow features observed in the experiments performed and
in the corresponding numerical simulations are presented and dis-
cussed in the following sections.
5.1. Jet thinning
From the results obtained, one effect that can be easily observed
is the ’’jet thinning’’. The Froude numbers shown in Table 1 are in
the range ½0:48; 23:94 so it is expected that, for small values of
this number, the gravity force will accelerate the jet and, due to
mass conservation, the jet should thin. Indeed, Fig. 11 displays
the ﬂuid ﬂow visualization extracted, from both numerical simula-
tions and experiments, after the jet impinged on the bottom of the
container for the runs R2;R4 and R6, while, for the same runs,
Fig. 12 depicts the calculated diameter of the jets at the following
axial locations: zð cmÞ ¼ 3;9:5;16. One can see from both Figs. 11
and 12, that for the smallest Froude number (R2) the jet diameter
decreased substantially, while for the largest one (R6) the
jet almost did not thin and maintained approximately the same
diameter at the exit of the nozzle (z ¼ 16 cm). The diameters of
the jets corresponding to runs R2 (Fr ¼ 0:96), R4 (Fr ¼ 4:79) and
R6 (Fr ¼ 23:94), diminished, respectively, about 42%, 18%, 1% from
its initial value. These results are in excellent agreement with the
experimental results displayed in Fig. 11. Moreover, the Free-
ﬂow3D results are in accordance with the model equations that
predict that the smaller is the Froude number the bigger is the ef-
fect of the force of the gravity.
5.2. Jet buckling
It is known that, if the conditions given by Eq. (4) are satisﬁed, a
Newtonian jet impinging on a ﬂat plate may become unstable and
the phenomenon of jet buckling should occur (see Cruickshank and
Munson [3]). From Table 1 we see that R1 and R2 have Reynolds
numbers of 0.48 and 0.97, respectively, and a ratio
H=D ¼ 16=0:6  27. Therefore, for these runs, it is expected that
the jet may become unstable and undergo buckling. Fig. 13 dis-
plays the evolution of the ﬂuid surface, for both the experimental
and numerical trials, for run R1 (Re ¼ 0:48; Fr ¼ 0:48) at selected
times. It can be seen that, soon after the jet impinged on the bot-
tom of the container, it became unstable and started buckling. This
phenomenon is observed in both the experiments and the numer-
ical results and is in agreement with the experimental results re-
ported by Cruickshank and Munson [3]. However, there are some
dissimilarities between the experimental observations and the
numerical results, that are related to the manner in which the jet
buckles. In the experiment it is observed that soon after the jet
buckles, the ﬂuid accumulates onto itself, while in the numerical
simulation the jet buckles and the ﬂuid ﬂows away from the main
jet. We believe that these differences can be attributed to the fact
that the ﬂuid employed in the experiment possesses non-negligi-
ble surface tension. Fig. 14 depicts some snapshots taken from re-
sults obtained with run R2. We point out that, although the
Cruickshank conditions given in Eq. (4) were fulﬁlled in both
experimental and numerical results, jet buckling was not observed.
Both results show that after impingement the jet experienced a
slight instability that soon disappeared. A moving wave traveling
downward the jet can also be observed in both experimental and
numerical results.
5.3. Submerging
During the ﬁlling of a container, depending on the value of the
velocity at the nozzle, the jet may partially enter the ﬂuid pool and
ﬁll the container without the occurrence of air entrapment [11].
This ﬂow regime, known as Submerging [11], has been simulated
in Section 3. Both experimental observations and numerical results
obtained for run R3 display an initial smooth ﬁlling process and jet
submerging at later times (see Fig. 15). On the whole, a good agree-
6 cm
6 
cm
0.6 cm
16
 cm
Fig. 10. Two-dimensional schematic view of the geometry employed in the
experiments.
Table 1
Data employed in both numerical simulations and experimental runs on container
ﬁlling.
Runs Piston velocity
(mmmin1)
Flow rate
(mm3 s1)
Nozzle velocity
(m s1)
Re
qV D
l
h i Fr
Vﬃﬃﬃﬃﬃ
D g
p
 
R1 5 3284 0.1161 0.48 0.48
R2 10 6568 0.2323 0.97 0.96
R3 20 13,136 0.4646 1.93 1.92
R4 50 32,840 1.1615 4.83 4.79
R5 100 65,680 2.3230 9.67 9.58
R6 250 164,200 5.8074 24.16 23.94
M.F. Tomé et al. / Computers & Fluids 90 (2014) 172–185 179
ment between the experimental and the numerical results is again
observed.
5.4. Entrainment
Tomé et al. [13] investigated instantaneous ﬁlling of two-
dimensional closed tubs with Newtonian viscous ﬂuids. They
showed that, if the velocity at the nozzle is large, the jet ﬂows onto
the bottom of the container, moves towards the side walls and
splashes back causing a secondary ﬂow that re-joins the main jet,
giving rise to internal bubbles (see also [11]). This type of ﬂow,
known as Splashing, has been illustrated in the simulations pre-
sented in Section 3 (see Figs. 7 and 8).
In the simulations and experiments performed for runs R4 to R6
the results showed that air entrapment might have occurred. For
example, Fig. 16 reproduces the development of the Entrainment
ﬂow regime. The agreement between the experimental results
and the numerical predictions is excellent. The results obtained
with velocities for runs R4 and R5 displayed similar behavior
and, therefore, are not shown.
6. Concluding remarks
This work was concerned with numerical and experimental
studies of three-dimensional container ﬁlling with Newtonian vis-
cous ﬂuids. A brief description of the simulation code employed,
Freeﬂow3D, and its capabilities was provided. A study performed
with the Freeﬂow3D code showed that it can cope with several
ﬂow regimes usually observed during ﬁlling processes, such as
Jet buckling, Steady ﬁlling, Submerging and Entrainment.
With the purpose of validating the code, a new testing device to
perform the ﬁlling of a cubic container was designed and built. This
device was capable of promoting the ﬁlling of containers under
controlled and reproducible conditions and comprises a transpar-
ent cubic container that allows recording the ﬁlling process.
Numerical and experimental examinations of the ﬁlling of a cubic
container through a circular nozzle were performed using a New-
tonian viscous ﬂuid based on corn syrup. The results obtained dis-
played various effects like jet thinning, jet buckling, jet
submerging, smooth ﬁlling, splashing and entrainment. The good
correlations obtained between the numerical results and experi-
mental observations allowed to validade the Freeﬂow3D code.
These results demonstrate that the Freeﬂow3D code can predict al-
most all phenomena observed experimentally. However, for small
values of the nozzle velocity some discrepancies were observed,
which were attributed to the fact that the Freeﬂow3D code does
not incorporate surface tension on the free surface boundary
condition.
Fig. 11. Snapshots from both numerical simulation and experimental observations of container ﬁlling for R2 (Re ¼ 0:97; Fr ¼ 0:96), R4 (Re ¼ 4:83; Fr ¼ 4:79), R6
(Re ¼ 24:16; Fr ¼ 23:94).
Fig. 12. Diameter of the jet measured at several heights above the bottom of the
container for runs R2 (Re ¼ 0:97; Fr ¼ 0:96), R4 (Re ¼ 4:83; Fr ¼ 4:79), R6
(Re ¼ 24:16; Fr ¼ 23:94).
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Fig. 13. Snapshots from both numerical simulation and experimental observations of container ﬁlling for run R1 (Re ¼ 0:48; Fr ¼ 0:48).
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Fig. 14. Snapshots from both numerical simulation and experimental observations of container ﬁlling for run R2 (Re ¼ 0:97; Fr ¼ 0:96).
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Fig. 15. Snapshots from both numerical simulation and experimental observations of container ﬁlling for run R3 (Re ¼ 1:93; Fr ¼ 1:92).
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Fig. 16. Snapshots from both numerical simulation and experimental observations of container ﬁlling for run R5 (Re ¼ 24:16; Fr ¼ 23:94).
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